Objective-To evaluate whether exposure to air pollutants induces oxidative modifications of plasma lipoproteins, resulting in alteration of the protective capacities of high-density lipoproteins (HDLs). Approach and Results-We exposed apolipoprotein E-deficient mice to diesel exhaust (DE) at ≈250 µg/m 3 for 2 weeks, filtered air (FA) for 2 weeks, or DE for 2 weeks, followed by FA for 1 week (DE+FA). DE led to enhanced lipid peroxidation in the brochoalveolar lavage fluid that was accompanied by effects on HDL functionality. HDL antioxidant capacity was assessed by an assay that evaluated the ability of HDL to inhibit low-density lipoprotein oxidation estimated by 2′,7′-dichlorofluorescein fluorescence. HDL from DE-exposed mice exhibited 23 053±2844 relative fluorescence units, higher than FA-exposed mice (10 282±1135 relative fluorescence units, P<0.001) but similar to the HDL from DE+FA-exposed mice (22 448±3115 relative fluorescence units). DE effects on HDL antioxidant capacity were negatively correlated with paraoxonase enzymatic activity, but positively correlated with levels of plasma 8-isoprostanes, 12-hydroxyeicosatetraenoic acid, 13-hydroxyoctadecadienoic acid, liver malondialdehyde, and accompanied by perturbed HDL anti-inflammatory capacity and activation of the 5-lipoxygenase pathway in the liver. 
xtensive epidemiological evidence supports the association of air pollution with adverse health effects, leading to increased cardiovascular morbidity and mortality of worldwide significance, 1 in particular of ischemic nature. 2 Although ambient air pollutants are a complex mixture of compounds with both gaseous and particle phases, epidemiological data and work with experimental animals support a causal association between the particulate matter (PM) components and atherosclerosis. 1, 3 For example, exposure of Watanabe hyperlipidemic rabbits to intratracheal PM 10 (PM<10 µm) 4 or apolipoprotein E-deficient (apoE −/− ) mice to inhaled fine particulates (PM 2.5 <2.5 µm) 5 resulted in enhanced atherosclerosis. It seems that PM proatherogenic actions are linked to their ability to elicit systemic pro-oxidative and proinflammatory effects. 3 In addition, we have reported that ambient PM in the ultrafine-size range (PM<0.18 µm) enhanced aortic atherosclerosis to a larger degree than PM 2.5 , 6 supporting the notion that the smallest particulates could lead to stronger cardiovascular effects. 7 Moreover, although normal high-density lipoprotein (HDL) can protect against pro-oxidant effects induced by air pollutant organic chemicals in endothelial cells and macrophages, 8 both fine and ultrafine ambient PM lead to the development of dysfunctional HDLs that lose their antiinflammatory properties. 6 Although the sources of air pollution are heterogeneous, emissions from gasoline and diesel-powered motor vehicles are major contributors in urban settings. Indeed, diesel exhaust (DE) emissions are characterized by a large number of ultrafine particles, rich in organic content, such as polycyclic aromatic hydrocarbons. Exposure of apoE −/− mice to total DE resulted in atherosclerotic plaques with enhanced oxidative stress, 9 increased cellularity, 9 and larger macrophage content 10 that could, in the setting of human atherosclerosis, suggest a greater propensity for rupture. Although the accrued experimental evidence supports the proatherogenic effects of ambient PM, the mechanisms by which the inhalation of air pollutants are transduced systemically and lead to adverse vascular effects are not well understood. We have hypothesized that PM-induced alterations in HDL may be associated with or are the result of systemic pro-oxidant effects, and that changes in HDL function mediate some of the PM-induced proatherogenic responses. Although plasma levels of HDL cholesterol have been shown to be inversely correlated with atherosclerosis and ischemic heart disease, 11, 12 high HDL cholesterol levels may not always be protective, 13 and genetic mechanisms that raise plasma HDL cholesterol do not lower risk of myocardial infarction, 14 which suggests that HDL composition and functional aspects may be even more important than the levels of HDL cholesterol. In addition, different HDL protective qualities may correlate with different outcomes. Thus, the reverse cholesterol transport function of HDL inversely associates with carotid intimamedia thickness and the likelihood of angiographic coronary artery disease, 15 whereas the antioxidant function of HDL was significantly impaired in subjects with acute coronary syndromes as compared with healthy subjects or those with stable coronary artery disease. 16 In the current study, we aimed to determine whether 2-week inhalation exposures of mice to DE emissions could induce alterations in HDL antioxidant capacity similar to the way that 5-week inhalation of concentrated ambient particles resulted in the development of dysfunctional proinflammatory HDL 6 and to determine whether the alterations in HDL are associated with and attributable to DE pro-oxidative effects in systemic tissues and plasma lipoproteins. In addition, we explored the potential reversibility of the DE-induced effects.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Exposure to Diesel Emissions Results in Loss of Plasma HDL Anti-Inflammatory Properties
We conducted 2 inhalation experiments on mice ( Figure 1A) . In experiment 1, we explored whether inhalation exposures to DE would alter HDL anti-inflammatory capacity as did concentrated ambient particles. 6 Nine-week-old male apoE null mice were assigned to 3 groups (n=12-13/group) that were exposed to the following: (1) DE for 2 weeks (DE group), (2) filtered air (FA) for 2 weeks (FA) as controls, and (3) DE for 2 weeks followed by FA for 1 additional week (DE+FA). The purpose of the DE+FA group was to assess the reversibility of DE-induced changes after 1 week of additional FA exposures ( Figure 1A ). DE exposures consisted of total DE at ≈250 μg/ m 3 of PM 2.5 (PM diameter <2.5 µm) mass in a Biozone unit at the Northlake exposure facility. Exposure parameters are mentioned in the online Material and Methods in the onlineonly Data Supplement. The DE particle mass size distribution corresponding to all experiments is shown in Figure 1B . To test the HDL anti-inflammatory capacity, we used a monocyte chemotaxis assay that evaluates the ability of HDL to inhibit low-density lipoprotein (LDL)-induced monocyte migration in a vascular cell coculture system. 17 Although plasma HDL from the FA controls inhibited LDL-induced monocyte migration, plasma HDL from DE and DE+FA mice did not protect but induced significantly more monocyte migration than LDL alone. This indicates that the HDL had become proinflammatory ( Figure 2A ). The proinflammatory properties were not attributable to a gain of serum amyloid A because there were no significant changes in serum amyloid A levels (data not shown).
DE Exposures Also Lead to Alteration of HDL Antioxidant Function
To assess HDL antioxidant capacity, we used a cell-free assay that evaluates the ability of HDL to inhibit LDL oxidation measured by 2′,7′-dichlorofluorescein (DCF) fluorescence. 8 Mice exposed to DE (DE and DE+FA groups) exhibited significantly higher levels of DCF fluorescence as compared with FA controls ( Figure 2B ). Interestingly, there were no differences between the DE and DE+FA groups. We generated an HDL Oxidant Index (HOI) by normalizing the DCF fluorescence in the presence of HDL by the fluorescence developed in its absence. Although all of the mice from the DE (2.21±0.27) and DE+FA groups (2.10±0.25) displayed an HOI>1.0, indicative of pro-oxidative HDL, 10 of 13 mice exhibited HOI<1.0 in the FA group (0.94±0.12; Figure  2C ). Thus, a 2-week exposure to DE significantly induced Three groups of male apolipoprotein E (apoE) null mice (experiment 1) were exposed to filtered air (FA) for 2 weeks, DE for 2 weeks (DE), and DE for 2 weeks followed by FA for 1 additional week (DE+FA). In experiment 2, apoE null mice were exposed to FA vs DE. *Time at which mice were bled and euthanized, and tissue harvesting was performed. B, Particle mass and size. Typical particle mass and size distribution of DE measured at a PM 2.5 concentration of 217 μg/m 3 . In this case, the mass median aerodynamic diameter was 77 nm, and the count median thermodynamic equivalent diameter was 87 nm, indicating that a large portion of DE particles are in the ultrafine-size range. d indicates derivative; dp, particle diameter; m, mass; and PM, particulate matter.
the generation of dysfunctional pro-oxidative HDL that remained as such after 1 week of additional FA inhalation. Although these results paralleled the loss of anti-inflammatory protection in the DE mice (Figure 2A ), the level of DCF fluorescence remained elevated in the DE+FA group but the degree of monocyte migration in the DE+FA group was lower as compared with the DE group (P<0.0001), suggesting that the kinetics of recovery of HDL anti-inflammatory properties, although only partial, was faster than that of the HDL antioxidant capacity (Figure 2 ). Changes in HDL functionality occurred without influencing HDL cholesterol levels ( Table I  in 
DE-Induced Dysfunctional HDL Is Associated With Decreased Paraoxonase Activity and Increased Lipid Peroxidation
We first explored whether DE actions on HDL function could have been attributable to enhancement of myeloperoxidase activity in the blood, but there were no significant differences in myeloperoxidase activity between groups ( Figure  III in the online-only Data Supplement). We then hypothesized that DE may lead to changes in paraoxonase 1 (PON1) that could alter its enzymatic activity, known to provide an important contribution to HDL-mediated antioxidant protection. 18 In support of our hypothesis, plasma PON1 activity was significantly decreased in DE mice as compared with FA controls ( Figure 3A ) despite the presence of similar levels of PON1 mRNA in the liver ( Figure IVA in the online-only Data Supplement). There was a trend for a negative correlation between PON1 activity and HOI (r=−0.2197; P=0. 19 ) that was statistically significant when the DE+FA mice were excluded (r=−0.392; P=0.05; Figure 3B ), suggesting that changes in PON1 activity may account for some of the HDL effects in only the DE group. In addition, we observed an increase in plasma levels of 8-isoprostanes, one of the products of lipid peroxidation, in both DE and DE+FA mice ( Figure 3C ), and a positive correlation with the HOI (r=0.741; P<0.0001; Figure  3D ). Furthermore, we found that as compared with FA controls, mice from the DE and DE+FA groups exhibited 2-to 3-fold increases in the plasma levels of 12-hydroxyeicosatetraenoic acid (12-HETE) and 13-hydroxyoctadecadienoic acid (13-HODE), peroxidation products of arachidonic and linoleic fatty acids, respectively ( Figure 3E and 3G ). There were also strong correlations between the plasma levels of 12-HETE, 13-HODE, and the HOI (P<0.001; Figure 3F and 3H). Because increased peroxidation in plasma lipoproteins may not only involve HDL lipoproteins but also other non-HDL fractions, such as LDL, intermediate-density lipoprotein, or very low density lipoproteins (VLDL), we assessed the degree to which apoB-containing lipoproteins were susceptible to oxidation by DCF fluorescence. Mice from the DE group exhibited non-HDL lipoproteins that were more oxidizable than those from the FA controls (P<0.05; Figure V in the online-only Data Supplement). In contrast, 1 week of FA exposures after DE was sufficient to reduce the oxidation capacity of non-HDL lipoproteins that tended to be lower than that of the DE group (P=0.12).
DE Leads to Increased Lipid Peroxidation in the Bronchoalveolar Compartment and in Systemic Tissues
We hypothesized that the lungs would be the logical source for the increased oxidized lipids in the plasma. Surprisingly, there were no changes in the levels of malondialdehyde ( Figure 4A ) or increases in HETEs/HODEs in whole lung homogenates (Table II in the online-only Data Supplement). However, we did observe an increase of almost 4-fold in the levels of 12-HETE (P<0.05; Figure 4B , Table) and a borderline significant trend toward increased levels of 13-HODE (P=0.06; Table) in the presence of similar bronchoalveolar lavage total protein ( Figure 4C ). This mirrored similar effects seen in the plasma. In addition, as compared with FA controls, DE mice exhibited greater levels of 5-HETE (P<0.05; Figure  4D ) and MDA (P<0.05; Figure 4E ) in the liver, and there was a positive correlation between liver MDA and plasma HOI ( Figure 4F ). Similarly, DE led to increased levels of 5-HETE in the intestines (Table) .
DE Activates the 5-lipoxygenase Pathway in the Liver
The singular increase in hepatic 5-HETEs suggested specific activation of the 5-lipoxygenase pathway in the liver ( Figure  5A ). This was supported by the DE-induced significant upregulation of the arachidonate 5-lipoxygenase mRNA ( Figure 5B ) and protein ( Figure 5C ) expression, together with increased mRNA expression of glutathione peroxidase 6 ( Figure 5B ), but no significant differences in arachidonate 12-lipoxygenase or arachidonate 15-lipoxygenase mRNA expression ( Figure  IVB and IVC in the online-only Data Supplement). Increased lipid peroxidation in the liver led to triggering of an antioxidant response as evidenced by the upregulation not only of glutathione peroxidase 6, but also of NAD(P)H-quinone oxidoreductase 1 (79-fold), the catalytic subunit of glutamate cysteine ligase (6.2-fold) and superoxide dismutase 1 (2.1-fold).
There was also upregulation of activating transcription factor 4 (4.9-fold), an important component of one of the branches of the unfolded protein response ( Figure 5C ). DE+FA group also exhibited upregulation of the first 4 genes but no differences in superoxide dismutase 1 levels as compared with FA controls, suggesting that the transcriptional regulation of various antioxidant genes had different kinetics.
Discussion
Our study reveals that a 2-week exposure to DE leads to systemic pro-oxidative effects characterized by increased lipid peroxidation and alteration of HDL protective capacities. This extends our previous study where 5-week exposure of apoE −/− mice to ultrafine ambient particles led to enhanced atherosclerosis and the development of dysfunctional proinflammatory HDL 6 by demonstrating: (1) modifying effects of the direct inhalation of motor vehicle emissions, considered to be an important contributor to air pollution in cities, on HDL antioxidant as well as anti-inflammatory properties, (2) DE induction of various lipid peroxidation products in the BALF, plasma, and systemic tissues, such as the liver and intestines, and (3) activation of the 5-lipoxygenase pathway in the liver. Our findings are consistent with epidemiological studies that have found associations between exposure to ambient particulate PM and measures of systemic oxidative stress that include biomarkers of oxidative alteration of proteins, lipids, and DNA in the circulating blood or in products excreted in the urine. 3, 19 DE-induced pro-oxidative effects were indicated by increased lipid peroxidation 20 that in the blood and in the liver correlated with the HOI (Figure 3 ). This suggests that alterations in HDL functions are likely associated with HDL oxidative modifications. For example, mice from the DE and DE+FA groups exhibited increased plasma levels of 8-isoprostanes, which are formed by nonenzymatic free radical-mediated oxidation of arachidonic acid and have been regarded as a gold standard in the assessment of lipid peroxidation and oxidative stress.
3,20 Although we did not measure 8-isoprostanes in the HDL fraction but only in whole plasma, HDL has been reported to be the major lipoprotein carrier of 8-isoprostanes in human plasma, with levels that are significantly higher than in LDL or VLDL. 21 It is likely that increased plasma levels of 8-isoprostanes in mice also reflect an increased content in the HDL particles. However, we also found increased susceptibility to oxidation of apoB-containing lipoproteins from the DE mice ( Figure V in the online-only Data Supplement), and this suggests that lipid peroxidation products could also be seeding particles from the VLDL and LDL size fractions. DE-induced 8-isoprostanes in the blood could originate from the peroxidation of arachidonic acid in plasma lipoproteins but they could also derive from lipid peroxidation occurring in systemic tissues. Our results are consistent with the study by Bai et al 9 who showed that DE exposure of apoE −/− mice in the same facility resulted in increased levels of 8-isoprostane and 8-hydroxydeoxyguanosine levels in the urine and significantly extends it, by providing direct evidence of increased lipid peroxidation in the plasma together with alteration of HDL functions.
DE exposure also led to increased levels of other peroxidation products in the blood, derived from polyunsaturated fatty acids, such as 12-HETEs and 13-HODEs 22, 23 (Table) . We hypothesized that DE exposures may have induced oxidative modifications of HDL particles that could have resulted in alterations of antioxidant enzymes associated with HDL, modifications in HDL architecture or changes in apoA1, leading to a decreased ability to inhibit oxidation. Previous reports have shown that increased plasma-oxidized phospholipids associate with decreased activity of PON1, platelet-activating factor acetylhydrolase (also known as lipoprotein-associated phospholipase A2), and lecithin-cholesterol-acyltransferase in apoE −/− mice, 24 but it is not clear whether those associations were causal. Although we did not assess platelet-activating factor acetylhydrolase or lecithin-cholesterol-acyltransferase, we did observe that mice exposed to DE exhibited decreased PON1 activity, likely as a result of post-translational modifications because there were no differences in hepatic PON1 mRNA expression ( Figure IVA in the online-only Data Supplement). This has also been shown to occur in oxidized HDL, 25, 26 resulting in decreased protection against lipid oxidation in LDL and cell membranes. 26 However, the lack of recovery in the HDL antioxidant capacity in the DE+FA mice suggests that other factors must be responsible for the persistent alteration noted in this group. In addition to changes in antioxidant enzymes, it is possible that HDL nonenzymatic components with antioxidant properties, such as apoA1, 27 could have been altered. For instance, aldehydes derived from lipid peroxidation could also modify such proteins, similar to the way MDA has been shown to modify apoA1. 28 Thus, DE exposures led to increased levels of MDA and oxidative stress in the liver (Figures 4 and  5) , which is consistent with our previous findings in apoE −/− mice exposed to ambient ultrafine particles. 6, 29 Although liver MDA strongly associated with the HOI, it is unknown whether this association was causal. DE also led to activation of the 5-lipoxygenase pathway in the liver as evidenced by increased expression of arachidonate 5-lipoxygenase and glutathione peroxidase 6, which resulted in increased levels of 5-HETEs ( Figure 5 ). Interestingly, DE-induced 5-HETEs were also noted in the intestines but not in the blood (Table) or the lungs (Table II in the online-only Data Supplement). This raises the possibility that part of the DE could have entered the body through the gastrointestinal tract. Additional studies will be required to determine the importance of this potential port of entry in the inhalation exposures to DE. One putative mechanism for how the inhalation of motor vehicle emissions contributes to systemic inflammation is via the release of inflammatory mediators from the lungs into the systemic circulation. Surprisingly and unlike in the liver, we did not observe any DE-induced pro-oxidative effects on the levels of MDA, HETEs, and HODEs in whole lung homogenates or proinflammatory effects on the levels of BALF total protein. This is consistent with the study of Tong et al where intratracheal administration of ultrafine particles resulted in enhanced cardiac ischemia/reperfusion injury in the absence of any significant pulmonary inflammatory responses. 30 However, we did observe increased levels of 12-and 15-HETE (P<0.05) and an almost significant trend for greater levels of 13-HODE (P=0.06) in the BALF (Figure 4B) , which supports the notion that DE can induce lipid peroxidation in the bronchoalveolar space that may contribute to the increased oxidized lipids in the circulating blood. DE-induced oxidative products in the BALF suggest obviation of the surfactant barrier function, perhaps resulting in exposure of lipoproteins to the DE or oxidative products induced in the alveolar-capillary unit. This is consistent with the report of Kampfrath et al 31 that inhalation of concentrated PM 2.5 led to increased oxidized phospholipid derivatives of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine in the BALF, that depended on toll-like receptor 4 signaling and NADPH oxidase activation. Interestingly, HDL has been reported to inhibit lipopolysaccharide-induced activation of macrophage inflammatory genes that are toll-like receptor 4-dependent, specifically via inhibition of the TRAM/TRIF pathway, independently of its effects on sterol metabolism. 32 This is important because DE-induced changes in the antioxidant and anti-inflammatory functions, but not in its reverse cholesterol transport capability, are consistent with the associations reported in human subjects between various cardiovascular end points and different functional aspects of HDL. 15, 16 In addition, we have recently shown that although normal HDL can inhibit the oxidation of DE particles organic chemicals and DE particles pro-oxidative effects in endothelial cells and macrophages, dysfunctional HDL further induces, rather than inhibits, DE particles oxidation. In this study, we did not determine which component(s) of the DE were responsible for the observed effects. However, DE emissions have a high content of particles in the ultrafine-size range ( Figure 1B) , which accounted for ≈48% (aerodynamic diameter <0.10 µm) of the total particulate mass and ≈55% of the number of particles (thermodynamic equivalent diameter <0.103 µm). Similarly, ≈68% of the total particle mass had diameters <0.17 µm, and ≈74% of the total number of particles had diameters <0.15 µm. The particle count size distribution of the DE in this investigation is consistent with aged ambient particles that have been measured near roads, [33] [34] [35] generally larger than the count size distribution of freshly emitted DE. 36 Therefore, 2-week exposures to DE may have reproduced the systemic pro-oxidative effects exerted by 5-week exposures to concentrated ultrafine particles likely because of their high content in ultrafines. Consistent with our previous report, 6 additional studies in mice have shown that inhalation of ambient PM for several weeks results in enhancement of atherosclerotic lesions, 3 and that exposure to DE leads to aortic atherosclerotic plaques with a greater macrophage content 10 and foam cell formation 9 that in human subjects could indicate a greater propensity for rupture. Indeed, exposure to PM 2.5 , largely originating from diesel and gasoline emissions in cities, has been correlated with increased risk for cardiovascular events and mortality, to the extent that the associations reflect not only between-city effects but also within-city effects. 37 In conclusion, this study provides the first evidence that inhalation exposure to total DE leads to alteration of the HDL antioxidant and anti-inflammatory properties in association with increased lipid peroxidation in plasma and systemic tissues as well as activation of the 5-lipoxygenase pathway in the liver. Future studies that include either pharmacological 
